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Long-Term Carcinogenicity Study in Syrian
Golden Hamster of Particulate Emissions
From Coal- and Oil-Fired Power Plants
by Sven-Ake Persson,* Mats Ahlberg,* Lars Berghem,* Eva
Konberg,* Gunnar F. Nordberg,t and Frank Bergmant
Male Syrian golden hamsters were given 15 weekly intratracheal instillations with suspensions of coal
fly ash or oil fly ash. Controls were instilled with saline containing gelatine (0.5 g/100 mL) or to check
particle effects with suspensions of hematite (Fe203). The common weekly dose was 4.5 mg/hamster. In
addition, one subgroup of hamsters was treated with oil fly ash at a weekly dose of 3.0 mg/hamster and
another with coal fly ash at a weekly dose of6.0 mg/hamster. Other groups ofhamsters were treated with
suspensions ofbenzo[a]pyrene (BaP) or with suspensions on coal fly ash, oil fly ash, or Fe2O3 coated with
BaP. The mass median aerodynamic diameters of the coal and oil fly ashes were 4.4 ,um and 28 ,um,
respectively. Hamsters treated with oil fly ash showed a higher frequency of bronchiolar-alveolar hyper-
plasia than hamsters in the other treatment groups. Squamous dysplasia and squamous metaplasia were
mostfrequent inanimalstreatedwithsuspensions ofBaP orBaP-coatedparticles. Theearliest appearance
ofa tumor, the highest incidence oftumors, and the highest incidence ofmalignant tumors were observed
in hamsters treated with oil fly ash coated with BaP. Squamous cell carcinoma and adenosquamous
carcinoma were the most frequent malignant tumors. No malignant tumors and only few benign tumors
were observed in hamsters instilled with suspensions of fly ash not coated with BaP. The present study
gives no indication that coal fly ash could create more serious health problems than oil fly ash.
Introduction
Sweden has the intention to reduce its heavy depen-
dence on oil and, in the future, also reduce its depen-
dence on nuclear power as sources of energy. To com-
pensate for this loss of energy production, there are
plans to reintroduce coal as an energy source. Today
the usage of coal for production of heat and electricity
is negligible. For this reason the Swedish government
initiated aresearch program, the Coal-Health-Environ-
ment Project, on various aspects of increased coal uti-
lization(1). Thepresentlong-termcarcinogenicitystudy
is a part of this program. The main emphasis was to
study the carcinogenic effects of coal fly ash, but an
attempt to compare with oil fly ash was also made. The
fly ash particles examined in the present investigation
were sampled in a manner to be, as far as possible,
representative of oil and coal fly ash particles emitted
into the environment (2). The particulate material has
also been characterized physically, chemically, and, in
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part, biologically (2,3). The chemical analyses showed
that the sampled materials contained very low amounts
ofpolycyclic aromatic hydrocarbons (PAH), suggesting
an effective combustioninthe powerplants duringsam-
pling (2). However, under less favorable conditions,
more PAH could be emitted. We therefore coated part
ofthe material with a PAH, benzo[a]pyrene (BaP). As
the respiratory pathways were considered to be the
most interesting region in ourcarcinogenicity study, an
administration of the experimental material by inhala-
tion would have been preferable. However, the small
amount of sampled materials and our insufficient facil-
ities for performing a large-scale inhalation study in a
great number ofanimals made us choose another mode
ofadministration in the present investigation, intratra-
cheal instillation. Intratracheal instillation in Syrian
goldenhamsters ofparticulatematerialcoatedwithBaP
has been shown by Saffiotti et al. (4-6) and recently by
Pershagen et al. (7) to be a useful model to study car-
cinogenicity in the respiratory pathways.
Long-term studies in several species on the carcino-
genicity of coal fly ash have been reported (8-10). No
studies have shown that coal fly ash is carcinogenic. As
far as we know, hitherto, no long-term investigation on
the carcinogenicity ofparticulate emissions from an oil-
fired power plant has been presented. This is also thePERSSON ET AL.
first study in which a comparison is made between the
carcinogenic effects ofparticulate emissions from a coal-
fired and an oil-fired power plant.
Materials and Methods
Sampling, Characterization, and
Preparation of the Particulate Material
Sampling, characterization, and preparation of the
particles used in the tests have been described in detail
elsewhere (2,3). The following is a summary.
Sampling. To get samples that were similar to the
emissions from the stacks, a dilution and cooling probe
was used in which the flue gas was cooled by dilution
with filtered ambient airin aratio of1:10. Afterpassing
the probe, the particles were collected on stainless-steel
grids in a Sierra High Volume impactor. Particles,
which passed the final stage of the impactor (cut size
0.5 ,um aerodynamic diameter), were collected on a Gel-
man glass fiber filter. Periodically the sampling was
stopped, and the particulate material collected on the
impactor stages was scraped off with a Teflon spatula.
Samples of flue gas particles were drawn isokinetically
from the stack before and after the electrostatic pre-
cipitator for the oil-fired and coal-fired power plant, re-
spectively. The sampling method used made it impos-
sible to collect the amount of oil fly ash needed for the
study after the electrostatic precipitator. The concen-
tration at this sampling point was too low.
Characterization. The morphology of the fly ash
particles from the impactor stages and the glass fiber
filters was studied with electron and light microscopy.
The coal fly ash particles were solid spheres, whereas
the oil fly ash particles were hollow scenospheres with
a porous structure. Particle size distributions ofthe size
fractions suspended in 0.9% saline were determined
with a Coulter Counter TA II. The measured volume
median diameters corresponded to those expected from
the cut sizes of the impactor, except for the filter frac-
tions, which showed larger sizes. This was especially
evident for the oil fly ash, indicating bounce off in the
impactor during sampling. The fly ashes for use in the
biological tests were then prepared by blending the dif-
ferent size fractions in proportions corresponding to
their average percent by weight of the total fly ash
material collected. Since it was not possible to avoid
contamination ofglass fibers in the filter fraction ofthe
coal fly ash, this fraction was omitted in the blending
of the coal fly ash material (2). The size distribution,
density, and specific surface area of the blended fly
ashes used in the biological tests were then determined.
Theresulting volumemediandiameters (VMD) and geo-
metric standard deviations, ug, are given in Table 1.
The density ofthe fly ash particles was determined with
a gas pycnometer and by liquid displacement with the
particles in xylene and ethanol. For the coal fly ash and
the oil fly ash, the densities were 2.3 g/cm3 and 2.0 g/
cm3, respectively. Specific surface area, determined
with nitrogen adsorption (BET method), was 4.0 m2/g
for the coal fly ash and 2.3 m2/g for the oil fly ash.
From the morphology, density, and volume median
diameter, the mass median aerodynamic diameter
(MMAD) for the coal fly ash particles was calculated.
The result is given in Table 1. Because the oil fly ash
particles showed a porous hollow structure, their
MMAD could not be directly calculated from VMD and
density. For that reason the particle size distribution
ofthese particles was also determined with a sedimen-
tation instrument (Sedigraph 5000), giving a Stoke's
diameter of20 ,m and a geometric standard deviation,
cg, of 1.7. Corresponding MMAD for the oil fly ash is
given in Table 1.
The inorganic chemical composition of the size frac-
tions and the blended fly ash material was determined
with Proton Induced X-ray Emission spectroscopy
(PIXE). The results of these analyses are published
elsewhere (2,3). Results of specific interest for the
blended materials were, for coal fly ash: S, 1.2%; V, 800
ppm; Ni, 240 ppm; Cu, 260 ppm; Zn, 990 ppm; As, 65
ppm; Se, 29 ppm; Pb, 510 ppm; Th, 32 ppm; and for oil
fly ash: S, 10.4%; V, 1.2%; Ni, 3200 ppm; Cu, 110 ppm;
Zn, 340 ppm; As, < 5 ppm; Se, 9 ppm; Pb, 90 ppm; and
Th, < 15 ppm.
The blended fly ashes were also analyzed for the or-
ganic component benzo[a]pyrene. In both the coal and
the oil fly ash, BaP was below detection limit (< 1 ppm,
using HPLC and fluorescence detector).
Benzo[aJpyrene coating. Benzo[a]pyrene-coated
particles were prepared with the technique described
by Saffiotti et al. (5). Equal amounts of BaP (- 98%,
Sigma, St. Louis, MO), as a 10% solution in acetone,
and particulate material, as a 0.2% suspension in cold
(4°C) water, were mixed. Upon mixing, the BaP crys-
tallized onto the particles, which were then filtered off
on a membrane filter (0.4 pLm Nuclepore). Pure BaP
particles were prepared in the same way without par-
ticles in the cold water. Before instillation, the partic-
ulatematerialwasscrapedoffthefilterandresuspended
in 0.9% saline solution by ultrasonication. The volume
median diameter of the resuspended particles was de-
termined with Coulter Counter. The results are shown
in Table 1. The fact that the geometric standard devia-
tion is about the same and that the volume median di-
Table 1. Physical parameters showing the size
of the various particles.
Particulate material VMD, Im' ab MMAD, FLmC
Coal fly ash 2.9 1.9 4.4 ± 0.2
Oil fly ash 17 2.0 28 ± 1.2
Fe203 < 1
BaP 3.7 1.6
Coal fly ash + BaP 3.3 2.0
Oil fly ash + BaP 17 2.0
Fe2O3 + BaP 1.8 1.6
aVMD, volume median diameter for the material.
bcrg, geometric standard deviation.
cMMAD, calculated mass median aerodynamic diameter given as
mean ± 1 SD.
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ameter is somewhat larger for the BaP-coated particles
when compared with the corresponding uncoated par-
ticles indicates that the BaP is associated with the par-
ticles. This is especially evident for the oil fly ash. Mi-
croscopic studies ofthe BaP-coated particles, using flu-
orescent UV light, also confirms that the BaP is coated
ontothe particles. Thisisinagreement withthefindings
of Saffiotti (5), who used the same coating procedure.
Animals
Outbred male Syriangoldenhamsters, quality2 (Ban-
tin and Kingman, Hull, Great Britain) were used. The
hamsters were housed individually, and the cages were
placed in two identical rooms. In one room, the animals
treated with benzo[a]pyrene-coated material were
housed, and in the other room, hamsters treated with
material not coated with benzo[a]pyrene were housed.
The room temperature was 21 to 24°C. The relative
humidity was 50 + 5%. Artificial light was the only
source of light available. The hamsters were set on a
12 hr day and night light cycle, with light on at 6 A.M.
and offat 6 P.M. The animals were fed Ewos commercial
diet R3 in pellets and tap water ad libitum. During the
15 weeks oftreatment the hamsters were weighed once
a week. Thereafter, their body weights were recorded
every 2 to 3 weeks. Each animal was examined daily
and observations on their health were recorded. Before
treatment the hamsters were allowed to acclimatize for
2 to 3 weeks. At the beginning of the experiments the
animals were 8- to 13-weeks old and weighed about 80
to 90 g. Animals were selected for the various treat-
ments by a randomization procedure.
Treatment
The particulate material, prepared as described
above, was instilled intratracheally. Thetechnique used
for intratracheal instillation was a modification of the
method described by Saffiotti et al. (5). The hamsters
were anesthetized with methohexital (Brietal, Eli Lilly
and Company, Indianapolis, IN) 40 to 50 mg/kg IP. The
anesthetized animal was placed in a special apparatus
that allowed proper fixation during the treatment. For
instillation, we used a device made of Teflon and con-
sisting of a cylinder with a conical end fitted with a thin
(0.75 mm), 100-mm long, stainless-steel tube, bent at
an angle of about 1350. The device was attached to a 1-
mL disposable syringe. Before use, the device was ster-
ilized in an autoclave. The intratracheal instillation was
performed in the following way. Under careful inspec-
tion, the tip of the tube was put approximately 5 mm
down into the larynx ofthe anesthetized hamster with-
out touching the inner laryngeal walls. The material,
consisting of a 0.2 mL particulate suspension in sterile
saline with 0.5%gelatine added, was delivered. In order
to obtain a homogeneous suspension, it was necessary
to omit the gelatine inthe suspensions made ofuncoated
oil fly ash. A detailed description of the preparation of
the suspensions is found above. After checking the
proper delivery of the suspension to the hamster, the
animal was released fromthe instillation equipment and
allowed to wake up from the anesthesia. The hamster
was carefully watched under this procedure. Fre-
quently, an animal showed apnea, and sometimes it was
necessary to help it breathe by gentle massage of the
thorax. The different groups of treatment, as well as
the control groups, are shown in Table 2. Each hamster
was instilled once a week for 15 weeks. The animals not
surviving three instillations were replaced. For prac-
tical reasons, we could not instill all hamsters at the
same time, therefore, the animals were divided into
three subgroups. Thenumberofanimals inthese groups
were 140, 204, and 186. All treatments, as well as the
corresponding controls, were represented in the differ-
ent groups and in a similar frequency for each group.
The experimental designofthe studyhasbeenapproved
by the Regional Research Ethical Committee according
to national laws (SFS 1970:286, SFS 1982:554).
All animals with clinical symptoms so severe that the
hamsters could be characterized as moribund were sac-
rificed by injection of methohexital (see below). The
basis for this sacrifice was mostly ethical, i.e., to de-
crease the suffering of the moribund hamsters. We
planned to terminate the study 150 weeks after begin-
ningthe treatment. No hamsters survived at that time.
Table 2. Treatment of hamsters.
Single dose levels, Number of animals Number of animals
Code Treatment mg/hamster (test design) (final)a
A Sterile saline + gelatine (0.5 g/100 mL), 60 60
vehicle control
Ba Coal fly ash (low dose) 4.5 60 58
Bb Coal fly ash (high dose) 6.0 30 30
Ca Oil fly ash (high dose) 4.5 60 59
Cb Oil fly ash (low dose) 3.0 30 29
D Ferric oxide (Fe2O3), particle control 4.5 60 58
E Sterile saline + gelatine (0.5 gIlOO mL) + BaP 4.5 60 59
F Coal fly ash + BaP 4.5 + 4.5 60 59
G Oilfly ash + BaP 4.5 + 4.5 60 58
H Fe2O3 + BaP 4.5 + 4.5 60 60
Total 540 530
'All hamsters that died before three instillations were performed were replaced by new animals.
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Administered Dose
The doses ofthe various particles in 0.2 mL ofsterile
saline or saline with gelatine (0.5 g/100 mL) were se-
lected after consideration ofthe results ofthe acute and
subacute toxicity studies reported elsewhere (2) and of
data reported in earlier investigations (6,7,11,12), in
which suspensions ofparticles had been instilled intra-
tracheally. As the particle control we used hematite,
ferric oxide Fe2O3 (Fischer Scientific Company, Fair
Lawn, NJ). To ease comparisons between the groups,
we gave ali hamsters the same dose (4.5 mg/hamster),
except in two subgroups. Since oil fly ash was found to
be more toxic than the other examined particles, we
decided to have a subgroup of hamsters with a lower
dose of oil fly ash (3 mg/hamster). Coal fly ash had low
toxicity; therefore, we instilled a subgroup ofhamsters
with a higher dose (6 mg/hamster). Hamsters instilled
with suspensions of particles coated with BaP were
given a single dose of 9 mg/hamster. The actual dose
delivered by the instillation device was tested by in-
stillations in test tubes. Instillations with uncoated par-
ticles showed a satisfactory reproducibility. In each in-
stillation, 85 to 90% of accurately weighed fly ash and
ferric oxide wasdelivered. Instillations ofBaPandBaP-
coated particles showed less reproducibility, and only
about 50% by weight ofmaterial was delivered in each
instillation. For this reason it was decided to make par-
allel instillations in test tubes with BaP and BaP-coated
particles at eachweekly treatment. The testtubes were
then analyzed for BaP by gas chromatography. The re-
sults are shown in Table 3. From these data, the cu-
mulative doses of BaP in the lung was estimated to be
33 9 mg (BaP), 32 11 mg (coal fly ash + BaP), 24
+ 8 mg (oil fly ash + BaP), and 30 + 9 mg (Fe2O3 +
BaP).
In another study, the retention of BaP in the lung
after a single instillation of BaP and BaP-coated par-
ticles was investigated (2). These results are also shown
in Table 3. We have also made some additional studies
on the distribution of BaP in kidney, liver, and gas-
trointestinal tract (GI) various times after a single in-
stillation ofBaP and particles coated with BaP (13). The
concentrations of BaP in the GI was 300 to 1000 times
lower than the initial (0.5 hr) lung concentration.
Morphological Examinations
All animals, which had been instilled 15 times, that
had died either spontaneously or moribund hamsters
killed by methohexital (100 mg/kg IP) were autopsied.
Autopsy of a dead hamster was always performed
within 24 hr after death. In order to avoid collapse of
the lungs and to fix them expanded, the lungs were
removed as described by Saffiotti et al. (5). Macro-
scopical findings at autopsy were recorded. The lungs
and other tissues were fixed in 10% formaldehyde in a
phosphate buffer 0.1 M, pH 7.4. Paraffin sections at
various levels of larynx (transverse sections), trachea
(longitudinal sections), and all lung lobes were stained
with hematoxyline-eosine. The sections were examined
microscopically by apathologist, who had no knowledge
about the treatment of the hamster. The pathological
lesions were evaluated mainly according to the criteria
used by Saffiotti et al. (5,6) and Stenback (14). All ma-
lignant tumors and those benign tumors that were his-
tologically benign, but fatal due to their location or
largeness, were considered as fatal tumors.
Statistical Analysis
Survival rates were determined according to Elandt-
Johnson and Johnson (15). Pairwise comparisons be-
tween curves were performed according to Mantel and
Haenzel in Elandt and Johnson (15). Comparison be-
tween three curves concerning a positive trend were
done according to Peto et al. (16). The probability of
the tumor incidence was determined as described by
Saffiotti et al. (6) according to the formula
Pn = 1 (Nl tl) x (N2- )...
N, N2
X(Ni ti) X(Nn tn)
Nx Nn
Pn = Probability to die with a tumor in week n
Nn = Number of survivals in the beginning ofweek n
tn = Number ofhamsters that die with tumor during
week n
The testing of the significance of the differences in
tumor incidence between various groups were per-
formed according to Peto (17) and Peto et al. (18). By
these calculations, hamsters that died from tumor(s)
were separated from hamsters that died from other
causes, but had a tumor at autopsy.
Table 3. Delivered dose and retention of BaP in the lung of the hamster.
Single dose, mg Delivered dose, % BaP in the lung after a single instillation atb
Code Treatment (particle + BaP)a mg BaPa 0.5 hr 3 hr 24 hr 168 hr
E BaP 0 + 4.5 2.2 0.6 75 20 4 3.5
F Coalflyash+BaP 4.5+4.5 2.1±0.7 70 28 2 1
G Oilfly ash + BaP 4.5 + 4.5 1.6 0.5 80 38 21 5
H Fe2O3 + BaP 4.5 + 4.5 2.0 0.6 90 40 1 0.5
aEach value represents the mean ± 1 SD of four determinations.
bMean of four animals.
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Results
Body Weight
The body weight gives a measure of the general
health ofthe experimental animals. Figure 1 shows the
changes in the mean weight of the various groups of
hamsters. Within 8 to 15 weeks after beginning the
treatment, a weight gain was observed in all groups
exceptingroupstreated with oilflyash. Inthese groups
there was a loss ofweight. Decreased body weight was
seen in all groups 65 to 70 weeks after start of the
treatment. In hamsters treated with BaP or with BaP-
coated particles (except with oil fly ash), the body
weight did not change between 15 to 40 weeks after
beginning the treatment, but decreased after 40 to 45
weeks. The earliest onset and the most pronounced de-
crease in body weight was found in the group treated
with the high dose ofoil fly ash and in the group treated
withoilflyashcoatedwithBaP. Therewasnodifference
in change of body weight between these two groups.
Survival Rates
Figure 2 shows the survival rates (percent of the
initial number of animals) of the hamsters in experi-
mental and control groups. Hamsters treated with oil
fly ash (high dose) and oil fly ash coated with BaP had
a significantly lower survival rate than their respective
controls. However, the two groups of hamsters intra-
tracheally instilled with oil fly ash (high dose and low
dose) didnotsignitic
ferric oxide, the pa:
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various groups treated with oil fly ash also had a sig-
nificantly lower survival rate than hamsters treated
with coal fly ash or coal fly ash coated with BaP. All
groups ofhamsters instilled with coal fly ash had a sur-
vival rate that did not differ from the corresponding
controls.
antlyditferfromthoseinstilledwith Morphological Findings
rticle controls. The hamsters in the
Epithelial Changes Not Classified As Tumors.
Varying degrees ofchanges in the epithelium oflarynx,
trachea, and bronchi-bronchioli were observed (Table
4). In the larynx, squamous epithelial hyperplasia was
most frequent in hamsters treated with BaP and oc-
curred in high frequency also in hamsters treated with
oilfly ash coated with BaP and ferric oxide coated with
X BaP. However, the fairly high frequency of laryngeal
squamous epithelial hyperplasia in hamsters treated
with saline or with ferric oxide suggests that this lesion
in the larynx could be a reaction to intratracheal in-
stillation per se rather than to the particulate material.
Hamsters treated with BaP or BaP-coated particles
had a higher frequency of squamous metaplasia than
.J */*\x those given suspensions without BaP in tracheabut not
in the bronchi. Also, a higher frequency of squamous
dysplasia was found in the larynx and trachea but not
in the bronchi of hamsters treated with BaP or BaP-
I , l , Z , | coated particles.
20 40 60 80 Bronchiolar-alveolar hyperplasia was not observed in hamsters treated with saline. However, reaction oflow
EEKS AFTER BEGINNING intensitywas observedinseveralhamsters treatedwith
OF THE TREATMENT either ferric oxide, oil fly ash (low dose), and coal fly
ash (low dose). No significant changes were observed
Ethe mean weight of the various groups of between controls and the various treatments or be-
x); coal fly ash (low dose)(-); oil fly ash (high tween the various treatments.lr wit
L-); BaP (.....); coal fly ash coated with BaP tween the various treatments. When all hamsters with
ted with BaP(-'-); Fe2O3 coated with BaP morepronouncedbronchiolar-alveolar hyperplasiawere
examined, it was found that animals treated with oil fly
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Table 4. Epithelial changes not classified as tumors.
Incidences of lesions
Sites and types of lesion Group A Group Ba Group Bb Group Ca Group Cb Group D Group E Group F Group G Group H
Squamous epithelial 9/60 (1,0)a 10/58 (1,4) 7/30 (1,1) 7/59 (1,1) 5/29 (1,4) 12/58 (1,0) 24/59 (1,1) 12/59 (1,3) 17/58 (1,4) 24/60 (1,2)
hyperplasia of the
larynx
Squamous metaplasia 9/60 (1,0) 4/58 (1,0) 5/30 (1,0) 15/59 (1,1) 12/29 (1,0) 9/58 (1,0) 24/59 (1,1) 10/59 (1,2) 20/58 (1,4) 18/60 (1,1)
of the trachea
Squamous metaplasia 1/60 (-) 1/58 (-) 2/30 (-) 4/59 (1,0) 1/29 (-) 3/58 (1,0) 3/59 (1,0) 3/59 (1,0) 11/58 (1,0) 6/60 (1,0)
ofthe bronchi
Squamous cell 11/60 (1,1) 13/58 (1,1) 3/30 (1,0) 2/59 (-) 6/29 (1,3) 9/58 (1,1) 18/59 (1,4) 13/59 (1,2) 18/58 (1,6) 15/60 (1,4)
dysplasia of the
larynx
Squamous cell 2/60 (-) 1/58 (-) 1/30 (-) 0/59 0/29 0/58 8/59 (1,3) 1/59 (-) 8/58 (1,4) 1/60 (-)
dysplasia ofthe
trachea
Squamous cell 0/60 2/58 (-) 1/30 (-) 0/59 1/29 (-) 1/58 (-) 1/59 (-) 0/59 8/58 (1,0) 0/60
dysplasia of the
bronchi
Bronchiolar-alveolar 0/60 4/58 (1,0) 2/30 (-) 26/59 (1,7) 11/29 (1,3) 7/58 (1,0) 6/59 (1,2) 7/59 (1,1) 25/58 (2,1) 4/60 (1,3)
hyperplasia
aFraction represents frequency of occurrence. Numbers in parentheses are average degree of severity.
ash (high dose) had a significantly higher frequency of
lesions than the animals treated with coal fly ash and
also a higher frequency than the vehicle and particle
control groups. A similarresult was also obtained when
the various groups including all hamsters with bron-
chiolar-alveolar hyperplasia of any degree were com-
pared. We also found a significantly higher frequency
of bronchiolar-alveolar hyperplasia in animals treated
with oilflyashcoatedwithBaPthaninhamsterstreated
with coal fly ash coated with BaP.
TumorIncidence. Hamsters instilled with suspen-
sions containing BaP had the highest tumor incidence.
Furthermore, allfatalbenign (i.e., histologically benign
tumor that is fatal due to its location or largeness) and
all malignant tumors were found in these hamsters.
Among 58 animals treated with oil fly ash coated with
BaP, there were 18 hamsters (31%) with malignant tu-
mors, whereas only 2 animals (3%) in the group treated
with coalflyash coatedwith BaPhadmalignanttumors.
Itis noticeable that animals treated with BaP alone had
a higher incidence of malignant tumors than those in-
stilled with ferric oxide coated with BaP. In hamsters
given oil fly ash coated with BaP, the malignant tumors
occurred earlier than in the other groups. The first ma-
lignant tumor in this group was found already 16 weeks
after beginning the instillations. Malignant lymphoma
affecting the lungs were observed in two animals. Such
tumors were found in one hamster treated with ferric
oxide and in another treated with oil fly ash (low dose).
Malignant lymphoma occurs spontaneously in the Syr-
iangolden hamster(19). The frequency and distribution
ofvarious types oftumors are shown in Table 5. All but
three squamous cell papillomas observed were in the
larynx and trachea. The highest frequency ofpapilloma
was found in hamsters treated with suspensions con-
taining BaP. A few papillomas were large enough to
Table 5. Number and type of tumors in various regions of the respiratory tract.a
Squamous cell papilloma Sqamous cell carcinoma Adenosquamous carcinoma
Code Treatment N Larynx Trachea Bronchi Lungs Larynx Trachea Lungs Larynx Trachea Lungs
A Vehicle 60 1
Ba Coal fly ash (low dose) 58 1
Bb Coal fly ash (high dose) 30
Ca Oil fly ash (high dose) 59 1
Cb Oil fly ash (low dose) 29
D Ferric oxide, Fe2O3 58 1
E BaP 59 3 4 2 1 3 2
F Coal fly ash + BaP 59 9 2
G Oilfly ash + BaP 58 2 8 3 6b 5b 3 lb 3b 6
H Fe203 + BaP 60 8 1 2 2 1
aTwo adenomas were observed. One adenoma was in a hamster treated with the high dose oil fly ash and one was in a hamster treated with
oil fly ash + BaP. Two adenocarcinomas were observed in the group treated with Fe2O3 + BaP. One was located in trachea and one in the
lungs. Sarcomas were found in two hamsters treated with oil fly ash + BaP. The location was trachea and the lungs. Also in one animal treated
with only BaP a tracheal sarcoma was observed. Ofthe four hamsters with malignant lymphoma two hamsters had lymphomas located in the
lungs.
bIn one ofthe hamsters the same cancer was located both in larynx and trachea.
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block the airways and thus kill the hamster. Such pap-
illomas we designated fatal benign tumors. An illustra-
tive example ofthis type ofpapillomais shown inFigure
3.
In hamsters with malignant tumors, squamous cell
carcinoma was the most frequent tumor. This type of
carcinomaoccurredinallregionsoftherespiratorytract
examined. In some ofthe hamsters with squamous cell
carcinoma, the same tumor could grow from one region
into another, e.g., from larynx to trachea. Squamous
cell carcinoma was most frequent in hamsters treated
with oil fly ash coated with BaP. A typical example of
squamous cell carcinomais shown in Figure4. The most
frequent malignant tumors observed in the lungs were
the squamous cell carcinoma and the adenosquamous
carcinomas. Asforsquamous cellcarcinoma, thehighest
incidence of adenosquamous carcinoma was found in
hamsterstreatedwithoilflyashcoatedwithBaP. Other
malignant tumors observed at a low frequency were
adenocarcinomas and sarcomas.
Tumors Observed in OtherRegions Than the Res-
piratory Tract. Inhamsters instilled with suspensions
containingBaP, there was ahigh incidence ofsquamous
papilloma of the stomach (Table 6). The frequency of
gastric papilloma in this group was significantly higher
than that in hamsters treated with suspensions without
BaP. In two hamsters instilled with suspensions con-
taining BaP, squamous cell carcinoma was observed in
the stomach. Malignantlymphomawas observed infour
hamsters. In two ofthese animals, the malignant lym-
phoma spread to the lungs. In some hamsters, single
observations ofbenign or malignant tumors of varying
FIGURE 3. Large squamous cell papilloma in trachea (longitudinal section). H & E, x 90.
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FIGURE 4. Squamous cell carcinoma in the lung. H & E, x 150.
type were madein different regions. Thevarietyintype
of malignancy and the low frequency of these tumors
made us exclude them from further discussion in this
paper.
Probability to Die with Benign or
Malignant Tumor or to Die from Tumor in
the Respiratory Tract
Figure 5 shows the probability of death with tumor
of any type in the respiratory pathways. In comparison
among the various groups, the week when a tumor was
detected in a hamster was considered. Since no tumor
was detected in a living hamster, this week was always
the week when the hamster died or was killed. In the
testing, we have also considered the number of surviv-
ing hamsters in the week a tumor was detected in a
dead hamster.
Low probability of death with a tumor was observed
in hamsters treated with particle suspensions without
BaP. Among these animals, hamsters treated with oil
fly ash (high dose) had the highest probability of death
(0.21). In hamsters treated with BaP or with BaP-
coated particles, animals treated with oil fly ash coated
with BaP had the maximal probability (1.0) to die with
a tumor 95 weeks after beginning the treatment. A
probability of1.0 was also reached forhamsters treated
with ferric oxide coated with BaP or coal fly ash coated
with BaP, but this probability occurred later (at week
99 and 113, respectively). Interestingly, hamsters
treated with only BaP never reached a probability of
death with a tumor higher than 0.58.
Table 6. Number of hamsters with squamous
papilloma in the stomach.
Number
Code Treatment N with tumor
A Vehicle 60 1
Ba Coal fly ash (low dose) 58 1
Bb Coal fly ash (high dose) 30
Ca Oil fly ash (high dose) 59 3
Cb Oil fly ash (low dose) 29
D Ferric oxide, Fe2O3 58
E BaP 59 12
F Coal fly ash + BaP 59 9
G Oil fly ash + BaP 58 5
H Fe2O3 + BaP 60 18
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FIGURE 5. The probability (Pn) to die with a tumor in the respiratory tract in the controls and in the various treatment groups during 120
weeks after beginning ofthe treatment. Saline (x-x); coal fly ash (low dose) (-); oil fly ash (high dose) (--), Fe2O3 (e-e); BaP (. ); coal
fly ash coated with BaP (----); oil fly ash coated with BaP (---); Fe2O3 coated with BaP (-)
The probability for a hamster to die with a malignant
tumor is shown in Figure 6. Hamsters treated with oil
fly ash coated with BaP and ferric oxide coated with
BaPhadthemaximalprobabilitytodiewithamalignant
tumor in week 99 after the beginning ofthe treatment.
Since all hamsters that were treated with ferric oxide
coated with BaP and died in week 99 had malignant
tumors, there was a rapid increase in probability. How-
ever, earlier, the hamsters treated with oil fly ash
coated with BaP showed a higher probability of death
with malignant tumor than any ofthe other groups. Up
to 95 weeks after the beginning ofthe treatment, ham-
sters treated with coal fly ash coated with BaP had the
lowest probability of death with malignant tumor, but
then the probability did not differfromthat ofhamsters
treated with only BaP. We examined the probability of
a hamster to die from a tumor. Tumors that could be
cause ofdeath are all malignant tumors or fatal benign
tumors. Like themalignanttumors, fatalbenigntumors
occurred onlyinhamsters treatedwith suspensions con-
taining BaP. The highest probability of death from a
tumor was found in hamsters treated with oil fly ash
coated with BaP. The other groups ofhamsters did not
1.0
0.8-
0.6-
a.
0.4 -
r02
0.2-r.. J
0 10 20 30 40 50
significantlydifferfromeachotherconcerningthisprob-
ability.
Discussion
The purpose of the present investigation was to ex-
aminethe carcinogenicityintherespiratorytractofcoal
fly ash, sampled in a manner to obtain a material with
close similarity to emissions from a coal-fired power
plant. In this study we have compared the carcinogen-
icity of coal fly ash with particulate emissions from an
oil-fired power plant, oil fly ash, sampled in a similar
way.
The oil fly ash was sampled before the electrostatic
precipitator, since it was impossible, for practical rea-
sons, to obtain the amount ofmaterial needed by sam-
pling after the precipitator. For the sampling method
used the concentration was too low. In Sweden, how-
ever, most oil-fired boilers are not equipped with elec-
trostatic precipitators, and it has also been shown that
large particles, not regarded as respirable, may deposit
in the lung after inhalation (20). Thus, the use ofthese
large oil fly ash particles in this carcinogenicity study
may have relevance.
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-f .... .
-.................
601 ... ..........
60 70 80 90 100 110 120
WEEKS AFTER BEGINNING OF THE TREATMENT
FIGURE 6. Probability (Pn) to die with malignant tumor in the respiratory tract in the controls and in the various treatment groups various
weeks after beginning ofthe treatment. Symbols as in Fig. 5.
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The fact that the elements found to be enriched on
small coal fly ash particles (V, Cu, Zn, Ga, Se, Sr, Ba,
and Pb) were also enriched on the impactor collected
particles when compared with analyses ofparticles from
the electrostatic precipitator indicates that a conden-
sation of volatile elements onto the particles really oc-
curred in the sampling probe used (2,3).
The filter fraction of the coal fly ash was omitted in
the blending ofthe test material. This means that toxic
elements, enriched on particles during condensation,
will show lower concentrations in the test material than
in the originally collected fly ash. The filter fraction
constituted 13% by weight ofthe initially collected coal
fly ash. The omission of this fraction resulted in a de-
crease ofabout25% forthe twoelements, which showed
highest enrichment on small particles (Zn and Se) when
compared with the concentrations in the initially col-
lected fly ash (2).
The coal and oil fly ashes were found to contain some
water-soluble material (2). In the preparation of the
BaP-coated fly ashes, the particles were suspended in
water, which wasthenfiltered off(see above). The BaP-
coated particulate material was thereafter scraped off
the filter and resuspended in the saline solution used
fortheinstillations. Theuncoatedflyashwassuspended
directly in the saline solution. This means that the sus-
pensions of BaP-coated fly ash contained less water-
soluble material than suspensions of uncoated fly ash.
The dose level chosen for uncoated material was 4.5
mg, of which 85 to 90% was delivered by instillation.
The dose level for BaP-coated material was 4.5 + 4.5
= 9 mg. However, since only about 50% ofthismaterial
was delivered by instillation (Table 3), the doses ad-
ministered are comparable.
We used intratracheal instillation in Syrian golden
hamsters as an animal model. The Syrian golden ham-
ster has not been reported to have spontaneous epithe-
lial tumors in the respiratory tract (12). The material
to be examined is directly delivered to the respiratory
pathways. It is possible to induce a high incidence of
tumors in the respiratory tract with particles coated
with BaP. We appeared to have success in using this
model, since we obtained tumors in hamsters treated
with BaP-coated ferric oxide, but not in hamsters in-
stilled with ferric oxide alone. The frequency oftumors
we observed was low in comparison with that obtained
by others (5,6). Interestingly, the hamsters treated
with BaP alone showed a rather high incidence of tu-
mors. This finding is at variance with results obtained
in other studies (5,6), but is in agreement with the ob-
servations of Pershagen et al. (7). One explanation of
this difference in tumorincidence couldbedifferent sen-
sitivity to BaP in various strains of hamsters (21).
Fifteen weeks after beginning the instillations, i.e.,
when all hamsters had received their 15 instillations, a
decrease in survival rate was observed in animals
treated with oil fly ash or oil fly ash coated with BaP
(Fig. 2). The survival rates were 69 and 59%, respec-
tively, while the survival rate in the other groups was
81 to 95%. Although a fatal (malignant) tumor in ham-
sters treated with BaP-coated oil fly ash was observed
already 16 weeks after beginning the treatment, an in-
creased tumor incidence appears to be an unlikely ex-
planation of this early decreased survival rate in ham-
sters treated with oil fly ash. The reason for this is the
fact that a fatal tumor was never observed in hamsters
treatedwithoilflyashwithoutBaP. Wehavepreviously
reported a decreased phagocytosis ofthe alveolar mac-
rophages in hamsters treated with oil fly ash compared
with controls and with hamsters treated with coal fly
ash (2). The decreased phagocytosis was also observed
when the oil fly ash particles were removed. Therefore,
the observed early decrease of survival rate could be
due to a water-soluble toxic principle in the oil fly ash.
This may be true for oil fly ash without BaP, but, as
mentioned above, particles coated with BaP were
washed during the coating procedure. Thus, it is un-
likely that a water-soluble principle remained after this
procedure. The early decrease in survival could hence
haveanotherexplanation. Forexample, theparticlesize
could be ofimportance. Recently, vanadium pentoxide
and vanadium sulfate were reported to have cytotoxic
effects on hamster tracheal epithelium (22). Oil fly ash
showed similar effects. It is interesting to note that, as
expected, the elemental analyses ofthe particulate ma-
terial used in the present study showed that oil fly ash
had a much higher percentage ofvanadium than coal fly
ash. The incidence of malignant tumors was probably
important forthe laterdecrease ofsurvivalrate inham-
sters treated with BaP-coated oil fly ash.
As regards epithelial changes that could not be char-
acterized as tumors, we found that hamsters treated
with oil fly ash with or without BaP had more bron-
chiolar-alveolar hyperplasia than the control groups or
groups treated with coal fly ash with or without BaP
(Table4). Themostpronounced differences betweenthe
groups were observed in animals with bronchiolar-al-
veolar hyperplasia with high degrees of intensity.
Marked squamous epithelial dysplasia could be consid-
ered as a form ofcancer in situ [a lesion in which all or
most of the epithelium shows the cellular features of
carcinomaandwithnoinvasionoftheunderlyingstroma
(23)]. We therefore found it ofinterest to examine any
differences in squamous dysplasia between the various
treatments. In the larynx and trachea, but not in the
bronchi, hamsters treated with BaP-coated particles
had a significantly higher frequency of squamous cell
dysplasia than those instilled with uncoated particles
(Table 4). There was no significant change in squamous
dysplasia between any ofthe individual groups ofham-
sters. A similar result was obtained as regards squa-
mous metaplasia (Table 4). However, only in trachea
there was an increased frequency of squamous meta-
plasia in hamsters treated with BaP-coated particles.
Hamsters treated with oil fly ash coated with BaP
had by far the highest tumor incidence. Twenty-one of
58 hamsters (36%) had tumors, and 18 of those had
malignant tumors. Ten(17%) ofthe 59hamsterstreated
with coal fly ash coated with BaP developed tumors.
Only two animals had malignant tumors. In hamsters
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treated with oil fly ash coated with BaP, malignant tu-
mors occurred earlierthaninhamsters withothertreat-
ments. The malignant tumors occurring were almost all
of epithelial origin, e.g., squamous cell carcinoma or
adenosquamous carcinoma. Hamsters treated with oil
fly ash coated with BaP also had the highest probability
to die with a tumor or to die with a malignant tumor
(Figs. 5and 6). Thisgroupalsohad asignificantly higher
probability to die from a tumor.
In hamsters instilled with BaP or particles coated
with BaP, a high incidence of squamous papilloma was
observed in the stomach (Table 6). Furthermore, two
hamsters were found to have carcinoma ofthe stomach.
These findings suggest that the gastrointestinal tract
was exposed to high amounts ofthe instilled particulate
material. The clearanceofinstilledparticlesthroughthe
GI was not determined. However, as previously men-
tioned, single instillations ofBaP or BaP-coated partic-
ulate materials showed that the lunglevels ofBaP were
approximately 100 to 1000 times higher than those in
the GI. Since the tumor incidence was much higher in
hamsters treated with BaPorparticles coatedwith BaP
than in the other groups of hamsters, it seems clearly
demonstrated that BaP was important for the produc-
tion of the stomach squamous papillomas and carcino-
mas. Theincreased stomachtumorincidence couldprob-
ably not be explained by a high exposure ofthis tissue
to BaP by means of a great clearance of BaP through
the GI.
The tumor incidence in hamsters treated with sus-
pensions ofparticles not coated with BaP was low. Fur-
thermore, in these groups no malignant tumor was ob-
served. The higher toxicity of the oil fly ash particles
and the increased carcinogenicity ofthe same particles
coated withBaP, ascomparedwiththeotherparticulate
materials, are difficult to explain. Mutagenicity studies
performed with Salmonella strains TA98 and TA100
showed a mutagenicity below the detection limit (2). In
addition, the particulate material tested for mutagen-
icity was not directly comparable to that used in the
cancer study, since it was from a different sampling line
with a different sampling method (2).
Particle size could be of importance in the carcino-
genicity of the oil fly ash particles. It has been shown
that intratracheal instillation of insoluble particles
coated with BaP will increase the retention of BaP in
therespiratory tract and thereby increase thetime dur-
ing which the organic carcinogen is in contact with the
mucosa of the respiratory tract (11,24,25). Our results
are in agreement with these findings (Table 3). An in-
creased lung retention of particle-associated BaP has
also been demonstrated in inhalation studies of BaP
adsorbed to 67Ga2O3-particles (26) and BaP-associated
with diesel exhaust particles (27). Particle size appears
to be of great importance for the retention of particle-
associated BaP and also for tumor induction (5,11).
However, the rate by which BaP is eluted from the
particles may be more important than the retention of
the particles in the lung (28). We have shown an in-
creased retention ofBaP in the lung after instillation of
asingle dose ofBaP-coated oilflyashparticles. Wehave
not measured the elution rate of BaP from these par-
ticles, but no data of our study suggest any increased
elution rate ofBaP from the oil fly ash particles. There-
fore, the size of the fly ash particles appears to be of
importancefortheresultsobtainedinthepresentstudy.
Hamsters treated with suspensions of oil fly ash had
ahighincidence oftissue lesionsintherespiratorytract.
Oil fly ash particles coated with BaP were also carcin-
ogenic. The carcinogenic effect ofBaP-coated oil fly ash
could be characterized as a cocarcinogenic effect, since
particles and BaP were administered together. The
more cytotoxic oil fly ash might be acting as a promoter
oftumorproduction bythe carcinogen BaP. Such a pro-
moter effect cannot be excluded, but has not been ex-
amined in the present study. It can be argued that the
oil fly ash particles used in this study are so large that
they could rarely reach the lung by inhalation (29,30).
However, a recent inhalation study in humans (20)
shows that particles ofconsiderable size could reach the
lung.
Coal fly ash did not appear to decrease the survival
rate of the hamsters even when these particles were
coated with BaP. In addition, hamsters treated with
BaP-coated coal fly ash also had a low incidence ofma-
lignant tumors. The present study gives no indication
that coal fly ash could create more serious health prob-
lems than oil fly ash.
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